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The results of an experimental investigation of the dcw&wash
sidewash flow angles in a transverse plane behind a crucifo

iywing epd
The wing—body combination was composed
of a cruciform arrangemsnt of two identicael triangular wings of aspect
ratic 2.31 corresponding to a leading—edge sweep angle of 60° » DPlaced
on & body of fineness ratio of 16. The investigation was conducted at
s Mgch number of 1.40 and st a Reynolds number of 1.25 million based

on the mean serodynamic chord of the wings. Downwash and sidewash
measurements were made for angles of bank of 0°, 11-1/4°, 22-1/2°, and
45° and through an angle—of-ettack range of %8

INTRODUCTION

The flow field hehind plansr wings of low aspect ratio has been
shown by recent experiments (references 1, 2, 3, and L) to be of a more

complex charescter than is indicated by llnearized wing theory. The

inadequacy of lineasrized theory led to the dﬁvelopﬁent of a more satis—
factory theoretical treatment by Spreiter and Sacks in reference 5,

wherein the mutual intersction of the vortices and the rolling up of
the vortex sheet are considered.

The flow behind cruciform wings is expected to be even more com—
plex, since there is mutual interaction between the distorted vortex
sheets from the two wings.

It has been the purpose of the present
experimental investigation, therefore, to provide information about ths

flow field behind a cruciformwing and body combination which may be
used for estimating design tail loadings for missiles and for guiding
fPurther theoretical anslysis.
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In the present experiments, surveys of the angles of downwash and

sidewesh were made behind a representative missile configuration con—
sisting of a fineness ratio 16 body fitted with cruciform triangular
wings of aspect ratio 2.31. The measurements were made in s transverse
Plane essentially perperndicular to the body axis 2.42 mean aerodynamic
chord lengths behind the wing tralling edge, a position which is a
typical location for missile stabilizing surfaces. -
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NOTATION

dynami hord [Lscady
mean aero ¢ cho e
. Y [Pedy

O

], inches

local wing chord, inches

semispan of the wing, where s 15 measured from body center
line, inches .

free—sgtream veloclty, feet per second

Carteslan coordinates with the origin located on the body axis
2.42 mean aerodynamic chord lengths behind the trailing edges
of the wings (the location of the survey plane). The x
axls coincides with the body axis, and the =z axis liee.in
the plane in which the angle of attack was varied. The
coordinstes have been made nondimensional by dividing by the
semispan of the wing.

angle of attack of body axis, degrees

angle of downwesh, measured from free—stream direction, posi-—
tive when the flow is directed downward, degrees

difference between the angle of downwash et angle of attack and
the angle of downwash at o=0, degrees

angle of sidewash, measured from free—stream direction, positive
when the flow is directed te right when viewed from resr,
degrees

J'Cho:rd and span dimensions are measured parallel and perpendicular to
body center line.

NACA RM AS51B20.
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ot difference between the angle of sldewash at angle of attack and
the angle of sidewash st «=0, degrees

P angle of barnk, degrees

DESCRIPTION OF APPARATUS

Wind Tunnel

The experimental investigetion was made in the Ames 6— by 6—foot
supersonic wind tunmnel, which is a closed—circuit variable—pressure
tunnel. Reference 6 presents a complete description of the wind tunnel.

Model and Support System

The cruciform—wing and body combination used in the experiments
had the dimensions shown in figure 1. The wings were identical and hsad
a triangular plen form and an aspect ratio of 2.31 correspond to a
leading—edge sweep angle of 60°. The wings were steel plates 1/4 inch
thick, corresponding to 2.63—percent—thickness—chord ratic at the wing—
body Juncture. The leading and trailing edges were beveled symmetri—
cally on the upper and lower surfaces and finished to approximately
0.001~inch redii. The body was composed of a fineness ratio 6 nose
section made of aluminum, and two steel cylindricsl sections which were
Jjoined together at the trailing edges of the wings by a conmecting plug.
The connecting plug allowed the nose and the forward cylindrical sec—
tion, to which the wings were atbtached, to be rotated through various
benk angles with respect to the aft cylindrical section, to which the
survey apparatus was attached. The body had a fineness ratio of 16,
based on the body length between the apex of the nose and the trans—
verse plane in which the measurements were made.

The wing and body combinatlon was mounted on a cantilever support
sting, which is shown in figure 2. The angle of attack of the sting
could be varied in a vertical plane through a range of £5°. A 5° bent
st%ng was used to glve angles of attack of the body axis of from 0° to
10%. : :

Survey Apparatus

) Downwash and sidewesh measurements were made with a survey

apparatus consisting of 27 small cones of 30° included angle, each of
which had two pressure orifices diametrically opposed, as is shown in
figure 1. This survey apparatus could be pitched reletive to the body
about an axis of rotation at right angles to the test body axis. With

TR IAY
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this arrangement, the axes of the survey cones could be inclined at
engles within a range of *10° with respect to the test body axis. The
cones were mourted on two large rakes and on one small raks. The large
rakes could be located at slternate positions as is shown in Ffigure 1.
The orientatlons of the survey apparatus for downwash and sidewash
measurements are shown in figure 2.

In pitching the survey epparatus about its axis of rotation, the
positions of the cones relative to the test body axes were changed. .
The effect of this variation in cone position will be discussed in the
section of this report devoted .to precision.

TESTS

Range of Tests

The angles of downwash and sidewash were measured for a range of
angle of attack of *8° for the body axis and for angles of bank of 0°,
11-1/4°, 20-1/2°, and 45°. The angle—of-attack renge could not be
extended beyond i8° either because of the limitation in the angle
through which the survey apparstus could be rotated or because of the
reflection from the tumnel wall of shock waves originating on the model.
Al]l data presented in this report were obtained at a Mach number of
1.40 and at a Reynolds number of 1.25 million based on the mean aero—
dynamic chord. The surveys were made in a plsne essentially perpendi-—
cular to the body axis located 2.42 mean aerodynamic chord lengths
behind the tralling edges of the wings (& typical location for missile
stabilizing tall surfaces).

Methods -

The incremental changes in downwash angle per incrementel change
in angle of attack were determined by the null—-reading technigue. In
using this method, the survey spparatus was pltched so that the axes of
the cones were inclined at a known angle with respect to the body axis,
The wing and body combination and the survey apparatus were then pitched
85 a unit and the angle of attack recorded when zero pressure difference
(null) occurred between the two orifices of each cone.. Knowing this
angle of attack end the angle of the cone axis relastive to the body
axis, the downwesh angle was readily obtained. This procedure was
repeated with the survey apparatus set at various angles with respect
to the body axis so that the downwash angle was: determined at approxi-
mately 2 increments in anglé of attack. o



NACA RM A51B20 - CIRETENTIAL 5

For the sldewash—angle investigation, the survey apparatus was
rotated 90° about the body exis (as is shown in fig. 2) and then yawed
through known angles. The null—-reading technique was not used in the
sidewash measurements but, rather, various yaw angles of the survey
apparatus were set and a photographic record of pressure differences
was obtained for each 2° increment of angle of attack. Angles of side—
wash corresponding to zero pressure difference were then obtained for
each angle of attack from plots of pressure difference versus angle of
yaw of the survey apparatus. The pressure difference across each cone
was kept sufficiently smell to prevent shock detachment.

Reduction of Data

Since the survey rake was attached to the model, the survey cones
were moved in the air stream as the angle of attack was varied, and any
nonuniformity of the air stream could introduce an error in the results.
Consequently, corrections to the measured incremental angles of down—
wash and sidewash were cbtainsd by msasuring the apparent variation of
the flow angles with angle of attack at each cone location with the
wing and body combinstion removed from the tummel. The corrections to
the downwash messurements were those dus to stream irregularities and
veried linearly from O° st zero angle of attack to a maximum of +0,.2°
at an angle of attack of #8°. Because of the method used in the side—
wash measurements, the corrections to the angles of sidewash also
included cone errors and were consequently of greater magnitude. In
general, the corrections varied almost linearly from 0 st zerc angle
of attack to a maximm of #1.0° at an angle of attack of *8°.

In this report the angles of downwash and sidewash €' and o!,
respectively, are incremental angles determined as the difference
between the measured angles of flow at the given angle of attdck and at
@ = 0°. In this manner s effects other than those due to angle of
attack have been elimineted.

: In order to plct contours of constant angles of downwash and side—
wash and velocity vector fields, it was necessary to determine the
angles of flow existing throughout the entire survey field. These
angles were obtalned by interpolation from plots of the measured angles
of flow as functions of the distances from the vertical and horizontal
planes through the axis of the body. The latter curves were faired in
such a manner that the conditions of continuity and irrotation were
satisfied everywhere outside the vortex wake for two—dimensional incom-
pressible flow in the transverse plane in which the flow surveys were
made. Since measurements were made for only one—half the flow field,
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use wes made of the data obtained at negative angles of attack to
determine the angles of flow 1n the other half of the f£ield at positive
angles of attack.

Precision

The accuracy of the experimentel dats has been estimated by con—
sidering the uncertainties in the following factors:

Angular measurement.— The estimated uncertainty in both the angles
of downwash and sngles of sidewash was t0.1° due to angular measurement
as determined by the square root of the sum of the squares of the
uncertainties in the followlng measurements:

1. The angle of attack of the test body

2. The angle of rotation of the survey apparatus both for
tests with the wing and body combination in place and
for the stream cslibration

A cathetometer was used to measure the ahgle of attack of the
model during the operation of the wind tunmel, The uncertginty of the
angle—of—attack measurements with this instrument was +0.05°, The
angle of rotation of the survey apparatus wss measured with a vernier
protractor with a least count of 0.1° and could be read to within one—
half of the least count.

Displacement of cones.— As was noted in the sectiorn of this report
devoted to survey apparatus, when the survey apparatus was pitched and
yawed about its axis of rotation the cones were displaced relative to
the test body axes. The uhcertainties resulting from lateral displace—
ments of the cones have been estimsted on the basls of the actual dis—
placements and the gradients existing in the flow field. In general,
the uncertainties due to these displacements were not greater than
+0.2° at an angle of attack of +8° for both angles of downwash and
sidewash. At smaller angles of attack the uncertainties were of smaller .
megnitude. - The uncertainties in the downwash and sidewash measurements .
due to longitudinal movement of the cones relative to the test body are
believed to be negligible, since the downwash and sldewash angles vary
only to a smell degree in the longitudinal direction in regions where
the vortex sheet 1s essentially rolled up into discrete vortices.

In summery on the basis of these uncertainties, the total uncer—
tainty in measuring the angles of downwash and sidewash is estimated to
be slightly less than +0.25° at an engle of attack of £8°, At smaller
angles of attack the uncertainties are of smaller magnitude.
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RESULTS AND DISCUSSION

The results of the experimental investigetion given as angles of
downwash and sidewash are presented for various angles of bank of the
cruciformwing and body combination and angles of attack of ths body
axis. If the reader desires to convert to angles of yaw and pitch, the
transfer equations of reference 7 may be used.

The results have been presented in three forms: (1) tebulated
angles of downwash and sidewash at various angles of bank as a function
of anglé of attack, (2) contours of constent angles of downwash and
sidewash, and (3) velocity vector fields.

The tabulated results for an angle—of-attack range of +8° are pre—
sented in teble I. For the angles of downwash it was necessary to deter—
mine the values from curves faired through the experimental values.

In order that the results of this investigation could be applied
to en estimation of the loading of various tail designs, comtours of
constant angles of downwash and sidewash have been plotted for angles
of attack of 2°, 4°, 6°, and 8°, Figures 3, 4, 5, and 6 present these
contours for bank engles of 0°, 11-1/4°, 22-1/2%, and 45°, respectively.
The contours have been drawn for every 0.50 of induced angularity in
the flow field, except in figure 5(d4), where the gradient was too great
to include all contours. Dashed contours indicate values of downwash
and sidewash angles obtained by applying the conditions of continuity
and irrotation to the limited measurements which were avaeilsble in
these regions. In general, insufficient measurements were obtained
near the body, and it will be observed that some contours have not been
closed in this region.

The flow in the survey plane can be visualized more easily through
the use of velccity vector fields. Such fields have been presented in
figures 7, 86 9, and 10 for angles of attack of 4° and 8° and for angles
of bank of 0°, 11-1/4°, 22-1/2%, and 45°. The vectors shown represent
the magnitude and direction of the trasnsverse flow velocities at the
position indicated by the tail end of the vector. These vector Pields
permit the loading of 1lifting surfaces to be estimated through the use
of the parameter de/da which can be obtained approximately by compsr—
ing the length of the downwash componsnt of the velocity vectors with
the vector oV shown at the bottom of the figures. TInasmuch as the
veriation of € with & change in angle of attack o is not linear, an
accurate estimate of de/@m et a given engle of attack necessitates
plotting €.  as a function of «. o

SCORFTIRNTIAL :
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In the subsequent portion of this report these results are dis—
cussed only briefly since, 1n the interests of expediting the release
of this information, only a cursory analysis has been made.

=

(a) @ = 0% At an angle of bank of 0°, the vertical wing carries
no 1lift, asnd the wing—body combination is essentislly equivalent for
the present problem to s plane—wing and body combination. Velocity - o
vector fields for this angle of bank are shown in figure 7. The theo— Co
retical location of the vortex sheet in the transverse plane in which . -
the measurements were made has been indicated by the dashed lines. The o
vortex sheet was obtained from the results of calculations performed by
Westwater in reference 8 for s wing with elliptic span loading, wherein
the continuous sheet was replaced by 20 discrete line vortices and the
motion of each vortex calculated step by step. Westwater's results
were . applied to the present problem by relating his time factor to the
distance behind the wing as indicated in reference 5. The calculated
position of each of the vortices in the transverse pla:ne has been
located by a smsll cross., In general, the directlons of the experi-
mental veleocity vectors are those which might be expected to result
from such distributions of vorticity.

It will be observed that the distortion of the vortex sheet
increases with an incresse in angle of attack, Since the downwash
depends upon the shape of the vortex sheet as well as the 1lift, 1t is et

to be expected that nonlinear pitching—-monent characteristics will
exist for a stabllizing surface placed in this field.

(b) @ =11-1/%°: As the model is banked, the wing which was ver—
tlcal at zero angle of bank begins to carry 1lift when the angle of
attack is increased. At en angle of bank of 11-1/4°, however, the vor—
tioces shed from the tips of this wing are weak and are not discernible
in the data. It can be observed in figure 8 that there is no plane of
symietry in the flow fleld and that, In general, there are large induced
velocities throughout the upper half of the flow—field and in the region
below the right wing panel. The estimated position of the vortex cores
shown by the dashed circles in figure 8 shows the movement of the vaqrtex
cores with engle of attack to be nonlinear, a factor which may contribute

nonlinesr moment cheracteristics for the stabilizing surfaces placed in
such a flow fleld.

(¢) @ = 22-1/2°: When the angle of bank is 22-1/2°, the velocity -
vector field (fig. 9) indicates the existence of four vortices in the : . e
flow field, oone of which is not clearly discernible at an angle of ' Loz
attack of 1+ It can be seen that, at this angle of bank, also, no
plane of symmetry exists in the flow. The mutual interaction of the S
four vortices results in complex variations in the angles of sidewash LT
and downwash throughout the flow field. These data indicate that in

QONF IDENTIAL
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addition to nonlinear pitching—moment characteristics, it -is to be
expected that significant rolling moments may result from placing the
stabilizing surfaces of a missile in this flow field.

(d) @ = 45°: When the wing—body combination is banked 45°, the
flow again has a plane of symmetry, and two palrs of vortices appear as
shown in the velocity vector fields of figure 10. These vector fields
show large downwash velocities mnear the plane of symmetry, with larger
velocities in the upper half of the flow fileld. ILarge sidewash veloc—
ities 'exist in this region and in the region near the tips of the lower
wing penels. A comparison of the velocity vector fields for angles of
attack of 4° and 8° indicates that, because of the large values of
downwash along the horizontal axis at an angle of attack of 87,
interdigitated tail of small span will be less effective in contri'bu—
ting to the static longitudinsl stability of a missile than an in—line .
tail when the wings .are banked 45°.

Ames Aeronauticel Laboratory,
Natilonal Advisory Committese for Aeronauvtics,
Moffett Field, Calif.
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(b) Survey apparatus oriented for sidewash measurements.

Figure 2.— View of model and survey apparatus mounted in the Ames
6— by 6~foot supersonic wind tunnel.
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Figure .3 .~Confours of constan! angles of downwash and sidewash, ¢ = 0"
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